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論文内容の要旨 
Proton-pumping pyrophosphatase (H+-PPases) is a proton pump that acidifies the endomembrane compartments 
utilizing the energy from PPi hydrolysis. There are two types of H+-PPases in plants, which differ in localization and 
sensitivity to K+ or Ca2+. Type I H+-PPase that localizes to the tonoplast require K+ for its optimal activity of PPi hydrolysis, 
whereas the Golgi-localized type II H+-PPase doesn’t require K+ for its activity. Ca2+ can severely inhibit the PPi hydrolysis 
mediated by type II H+-PPase. The physiological significance of K+ or Ca2+ sensitivity remains elusive. Type I H+-PPase 
plays essential roles in early plant growth and development because immature tissues accumulate high PPi as a by-product 
of various biosynthetic pathways. It also plays indispensable role in accumulation of sugars, organic acids and minerals in 
vacuoles of fruit cells, through the secondary active transport. However, information on the role of type I H+-PPase in 
mature tissues and developing fruit is lacking. The role of type II H
+
-PPase in plant is yet unknown. The objective of this 
research is therefore to shed some light on the role of H+-PPases in plant growth and development as well as in salt and 
energy depletion stresses in Arabidopsis plants. It also aims to clarify the significance of H+-PPase in fruit development in 
tomato. 
In Arabidopsis, AVP1 gene encodes Type I H+-PPase, and AVP2;1 and AVP2;2 genes encode type II H+-PPase. 
The mutants that lack type II H+-PPase have not been characterized. In this study, I adopted reverse genetic approaches to 
analyze the phenotype of Arabidopsis plants that lack functional type II H+-PPase, using avp2;1 and avp2;2 single mutants 
and avp2;1avp2;2 double mutant. I also used three alleles of fugu5 mutant, which have missense mutations in AVP1 gene. 
No distinguishable phenotype was detected in roots of avp2;1, avp2;2, avp2;1avp2;2, or fugu5 mutants when grown 
aseptically on ½ MS medium supplemented with 1% sucrose. Interestingly, however, I found that the fugu5 mutants 
produced smaller plants with fewer leaves, flowers, and siliques, and they showed overall growth retardation and less 
biomass accumulation than wild-type plants when grown on vermiculite: Metromix medium (2:3). The soil-grown avp2;1, 
avp2;2, and avp2;1avp2;2 did not show significant differences in their phenotypes compared with those of wild-type 
plants. 
 
The expression of AVP1 gene was much higher than that of AVP2;1 and AVP2;2 genes in wild-type plants. The 
expression of all three genes in 25 day-old wild-type plants was peaked in flowering buds, and high expression level was 
maintained in cauline leaves and flowers. The high expression in cauline leaves and the growth retardation of fugu5 
mutants suggest a role for type I H+-PPase not only in young tissues, but also in mature tissues and/or later stage of plant 
development.  
The key limitation of researches addressing the role of AVP1 in tolerance to salt- and drought-stresses is that most 
articles reported on AVP1-overexpressing plants with no attention paid to the mutant phenotype. We demonstrated for the 
first time that plants lacking AVP1 are more sensitive to salt stress. The sensitivity of H+-PPases to K+ or Ca2+ in vitro is 
well documented. However, there is no direct evidence for the effects of K+ or Ca2+ on growth and development of H+-
PPase-lacking mutants in vivo. I tested the effect of non-plasmolysis concentrations of K+ or Ca2+ at 50 mM on primary 
root growth in H+-PPase mutants. The avp2;1avp2;2 double mutant endured the inhibition by 50 mM CaCl2 which was 
sufficient to retard the primary root growth of wild-type plants. This result suggests a possible role for Ca2+ in regulation of 
Golgi-localized H+-PPases. 
 
Furthermore, I investigated the role of PPi, the by-product of several biosynthetic pathways, in adaption to low 
energy status by using mutants that lack functional H+-PPases. Plants respond to energy deprivation by redirecting their 
metabolism toward the anabolism rather than catabolism. SnRK1 (Sucrose-non-fermenting1-Related kinase-1) plays a 
central role in the coordination of the plant transcriptome to the energy signals. SnRK1 senses the ATP:AMP ratio as an 
indicator for energy depletion, and activates or inhibits many transcription factors and proteins, leading to turning off the 
energy consuming biosynthetic pathways and activation of ATP-generating pathways. Three allelic mutants of fugu5 and 
avp2;2 mutant exhibited a greater tolerance to sugar starvation when grown on ½ and full-strength MS medium under 
photosynthesis-constraining low light intensities. fugu5 mutants accumulated higher PPi level and had lower SnRK1 
activity compared to the wild type. Furthermore, I tested the expression of two dark-inducible genes (DIN1 and DIN6), 
which have been used as energy deprivation inducible marker genes. The induction of DIN1 and DIN6 expressions due to 
sugar starvation was reduced in fugu5 and avp2;2 mutants, compared to the wild-type plants. These results suggest that the 
high PPi level in fugu5 mutants might contribute to more efficiently use of low level of ATP under sugar-starvation and low 
light conditions. This is possibly achieved through exchanging the ATP-dependent pathways with PPi-dependent pathways, 
thus conserving the low ATP level. For instance, the sucrose is hydrolyzed by invertase or sucrose synthase. The hydrolysis 
through sucrose synthase pathway consumes only two PPi molecules, whereas the cleavage by invertase pathway requires 
three ATP molecules.  
 
Moreover, SlVP1 and SlVP2 cDNAs corresponding to type-I H+-inorganic pyrophosphatases and SlVP3 cDNA 
corresponding to type II H+-PPase were isolated from tomato fruit and investigated their role in fruit development. 
Southern analysis revealed that SlVP1 and SlVP2 genes form a multigene family, whereas there is only one SlVP3 gene in 
tomato genome. Although SlVP1 and SlVP2 were differentially expressed in leaves and mature fruit, the highest levels of 
both SlVP1 and SlVP2 mRNA were observed in fruit at 2-4 days after anthesis. The expressions of SlVP1, SlVP2, and 
SlVP3 were induced by pollination or auxin treatment. The expression pattern of SlVP3 was similar to that of SlVP2, and 
the highest levels of SlVP3 mRNA were also observed in fruit at 2-4 days after anthesis, thus suggesting that SlVP3 plays a 
role in early fruit development. Because SlVP1 and SlVP2 mRNA was more abundant than SlVP3 mRNA, expression of 
SlVP1 and SlVP2 was analyzed further. SlVP1 and SlVP2 mRNA was localized in ovules and their vicinities and in 
vascular tissues at an early stage of fruit development. Tomato RNAi lines in which the expression of SlVP1 and SlVP2 
genes was repressed using the fruit-specific promoter TPRP-F1 exhibited fruit growth retardation at an early stage of 
development. Although the major function of H+-PPases in fruit has been believed to be the accumulation of materials 
such as sugars and organic acids in the vacuole during cell expansion and ripening, these results show that the specific 
localization of V-PPase mRNA induced by pollination plays a novel role at the cell division stage.  
In conclusion, the results of this work suggest that the major role of H+-PPases is the homeostasis of PPi level in 
plant cytosol. It plays essential roles in plant growth and development; not only in young tissues but also in mature ones 
and in an early stage of fruit development. The level of cytosolic PPi should be maintained at low level under non-stressful 
conditions to assure the forwardness of the PPi-producing biosynthetic pathways. Under sugar-starvation conditions, the 
high PPi level helps conserve the ATP level.  Thus, the PPi should be always maintained to an appropriate level 
depending on the energy and physiological status of plant. Further researches are needed to clarify the role of type II H+-
PPase in Golgi apparatus and the role of Ca2+ in inhibition of its activity.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
論文審査結果の要旨 
 植物において，プロトンポンプピロホスファターゼ(H+-PPases)は，ピロリン酸 (PPi)
加水分解に伴うエネルギーを利用して，細胞内膜系の酸性化を担う。H+-PPases には，液
胞膜に存在する Type I とゴルジ体に存在する Type II がある。Type I H+-PPase につい
ては，PPi を多く含有する幼齢期に過剰な PPi を除去し，また，果実細胞の液胞に糖・有
機酸・無機物を集積させるのに必要であること、その過剰発現体の塩ストレス耐性などが
知られている。しかし，Type I H+-PPase の機能に関する報告は未だ断片的で，Type II 
H+-PPaseの役割については未知である。 
 そこで本研究では，H+-PPases が植物の成長に果たす機能を理解するために，シロイヌ
ナズナの突然変異体を用いて，H+-PPases が成長およびストレス応答に及ぼす影響を調べ
るとともに，トマトの果実発育と H+-PPases の関係を解析した。 
 Type I H+-PPase の AVP1 遺伝子と Type II H+-PPase の AVP2;1 遺伝子，AVP2;2 遺伝子
の野生型シロイヌナズナにおける発現を解析し，その上で，Type II H+-PPase の avp2;1
および avp2;2 単独突然変異体，並びに avp2;1avp2;2 二重突然変異体，さらには Type I 
H+-PPase が異常な fugu5 突然変異体を用いて，それらの表現型を解析し，主として Type 
I H+-PPase が，幼齢期のみならず成熟期の植物成長にも重要で，且つ NaCl ストレス耐性
にも関与することを証明した。 
 用いた突然変異体の中で，fugu5 突然変異体だけが糖飢餓耐性を示すことを見出し，
fugu5 突然変異体では PPi レベルの上昇，SnRK1 リン酸化活性の低下，糖飢餓誘導性の
DIN 遺伝子の発現上昇が認められることを明らかにした。これらの発見から，Type I H+-
PPase の機能欠損が PPi レベルを上げることによって，SnRK1 を介した糖飢餓耐性を付与
するという仮説が提唱された。 
 トマトを用いて，H+-PPase が果実の発育に果たす役割を解析した。トマトには Type I 
H+-PPase遺伝子が 2種(SlVP1，SlVP2)，Type II H+-PPase 遺伝子が 1種(SlVP3)存在する。
それらの遺伝子発現の解析と，SlVP1 および SlVP2 の RNAi 系統の解析から，Type I H+-
PPase の組織特異的発現が，トマト果実の初期発育過程に重要な役割を果たすことを証明
した。 
 以上の研究は，植物の成長において Type I H+-PPaseが主要な役割を演じて恒常性を維
持することを総合的に明らかにしただけでなく，Type I H+-PPaseの新規の機能を見出し
ている。これは，Mohammed Seedahmed Ahmed氏が自立して研究活動を行うに必要な高度
の研究能力と学識を有することを示している。したがって，Mohammed Seedahmed Ahmed
氏によって提出された論文は，博士（生命科学）の博士論文として合格と認める。 
 
